Abstract. In this paper we describe a newly designed cold electrodynamic balance (CEDB) system, built to study the evaporation kinetics and freezing properties of supercooled water droplets. The temperature of the CEDB chamber at the location of the levitated water droplet can be controlled in the range −40 to +40 • C, which is achieved using a combination of liquid nitrogen cooling and heating by positive temperature coefficient heaters. The measurement of liquid droplet radius is obtained by analysing the Mie elastic light scattering from a 532 nm laser. The Mie scattering signal was also used to characterise and distinguish droplet freezing events; liquid droplets produce a regular fringe pattern, whilst the pattern from frozen particles is irregular. The evaporation rate of singly levitated water droplets was calculated from time-resolved measurements of the radii of evaporating droplets and a clear trend of the evaporation rate on temperature was measured. The statistical freezing probabilities of aqueous pollen extracts (pollen washing water) are obtained in the temperature range −4.5 to −40 • C. It was found that that pollen washing water from water birch (Betula fontinalis occidentalis) pollen can act as ice nuclei in the immersion freezing mode at temperatures as warm as −22.45 (±0.65) • C. Furthermore it was found that the protein-rich component of the washing water was significantly more iceactive than the non-proteinaceous component.
Introduction
At subzero temperatures, water is observed in clouds as both supercooled water droplets (SWDs) and ice particles (Mason, 1975; Cantrell and Heymsfield, 2005) . In the absence of ice nuclei (IN), cloud droplets can be supercooled down to temperatures that approach the homogeneous freezing point ∼ −38 • C, which is dependent on droplet size (Sassen, 1985; Rauber and Tokay, 1991; Hogan et al., 2004) . The evaporation kinetics, and hence droplet size, of SWDs influences the lifetime and radiative properties of clouds and in particular mixed-phase clouds; it can also affect the likelihood and rate of precipitation (Rosenfeld and Woodley, 2000; Lohmann and Feichter, 2005) .
At temperatures above the homogenous freezing point, the heterogeneous freezing of SWDs is caused by interaction of IN-active aerosols with SWDs. Several distinct mechanisms exist, including the deposition, immersion, condensation, and contact modes of freezing (Pruppacher and Klett, 1997) . Recently there has been an intense research effort to determine the efficiencies and relevance of the different modes of freezing (e.g. Murray et al., 2010; Knopf et al., 2011; Kanji et al., 2013; Hoffmann et al., 2013a; Atkinson et al., 2013 .) Summaries of previous results, obtained by both laboratory work and fieldwork, and the atmospheric implications of these studies are provided by several recent review articles, and no further detail is given here (Laaksonen et al., 1995; Pöschl, 2005; Hoose and Möhler, 2012; Murray et al., 2012; Ladino Moreno et al., 2013) . It is noted that several studies suggest that IN processes are still not sufficiently Published by Copernicus Publications on behalf of the European Geosciences Union.
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understood for satisfactory global modelling (e.g. Hoose et al., 2010; DeMott et al., 2010) . The most important types of aerosol particles to act as IN are reported to be mineral dust and primary biological aerosols (PBAs), with these two aerosol groups accounting for more than 80 % of ice-crystal residues (Pratt et al., 2009) . PBAs are typically large in size (mainly supermicron), and they often dominate the measured mass loading of atmospheric aerosol. However, their number density concentration is small and usually dwarfed by other aerosol types except in the most pristine environments (Griffiths et al., 2012) . PBA species include pollen, bacteria, fungal, algae, moss and fern spores, viruses, and fragments of animals and plants (Deguillaume et al., 2008 , Moller et al., 2008 , Després et al., 2007 , Möhler et al., 2007 . The atmospheric transport, and hence dispersal, of pollen requires meteorological conditions to produce uplift of pollen-containing air. Atmospheric removal of pollen is determined by the wet and dry deposition rates. The dry deposition is controlled by the settling speed of the pollen grain, which is a function of particle density and size (Aylor, 2002) . Both computer modelling and field studies have shown that pollen is capable of travelling large distances and can remain airborne on the order of days (Rousseau et al., 2003; Sofiev et al., 2006; Helbig et al., 2004; Heise and Heise, 1948) .
Previous work in our group has used the environmental scanning electron microscope (ESEM) and warm EDB systems to measure the hygroscopicity and hence the warm cloud condensation nuclei (CCN) ability of pollen grains (Pope, 2010; Griffiths et al., 2012) . Within liquid water, such as in rain droplets, pollen grains are observed to burst, thereby releasing smaller material -such as sugars, macromolecules, and allergens -into solution (Yttri et al., 2007; Schäppi et al., 1999; Pummer et al., 2012; Augustin et al., 2013) .
Pollen grains have been found to be IN-active. Within the condensation freezing mode pollen can initiate freezing events at temperatures up to −8 • C (Diehl et al., 2001) , within the immersion freezing mode at temperatures up to −9 • C (Diehl et al., 2002) , and within the contact freezing mode up to −5 • C (Diehl et al., 2002) . Furthermore, it is found that water that has interacted with pollen grains can also be IN-active in the immersion mode of freezing. This water is referred to as pollen washing water (PWW). In particular, suspended macromolecules within PWW were identified as efficient IN (Pummer et al., 2012; Augustin et al., 2013) . Work by the group of Grothe has used two distinct techniques to assess the IN ability of PWW ensembles: firstly freezing events of PWW droplets that are held within emulsions can be observed through use of a microscope fitted with a cryostage (Pummer et al., 2012) . Secondly the Leipzig Aerosol Cloud Interaction Simulator (LACIS; Stratman et al., 2004) technique is utilised (Augustin et al., 2013) . These results strongly indicate the high IN efficiency of PWW in immersion mode up to −16 • C.
As a robust methodology for the levitation of single particles which carry electric charge, the electrodynamic balance (EDB) technique has been applied in atmosphere science for several decades (see reviews by Davis, 1997; Krieger et al., 2012) . On the base of such a strategy, numerous studies have been carried out on aerosol particles and droplets, including but not limited to contact ion pairs formation (e.g. Zhang and Chan, 2000; Lee et al., 2008) , hygroscopicity and phase transition (e.g. Tang and Munkelwitz, 1994; Choi and Chan, 2002; Li et al., 2005; Parsons et al., 2006; Pope et al., 2010a; Zobrist et al., 2011) , measurement of vapour pressure (e.g. Pope et al., 2010b; Soonsin et al., 2010) , oxidation chemistry (e.g. Lee and Chan, 2007; Pope et al., 2010c; Lee et al., 2012) , and supercooled droplets and ice nucleation (e.g. Swanson et al., 1999; Svensson et al., 2009; Hoffmann et al., 2013a, b; Stöckel et al., 2005) . Recently, a new EDB design with concentric cylindrical electrodes was developed to measure the rapid evaporation and condensation process of single droplets (Heinisch et al., 2006 (Heinisch et al., , 2009 Davies et al., 2012 Davies et al., , 2013 .
Using a similar EDB design to Heinisch et al. (2006), we developed and incorporated a new cooling system which is applicable for low-temperature studies. The Heinisch design was chosen because the cylindrical electrodes are mechanically stable and single droplets can be stably confined within a small and well-defined null-point region of the electrodynamic balance whilst gas flows (> 100 sccm) are directed past the droplet (Heinisch et al., 2006; Davies et al., 2012) . We describe the new cold electrodynamic balance (CEDB) system, providing particular detail on the cooling strategy. Furthermore, we provide measurement data, from the first applications of this new system: the evaporation rates of supercooled droplets, and the freezing ability of these droplets with and without PWW present. In particular this study provides the first contact-free measurements of ice nucleation of individual PWW droplets.
Design and characterisation of new CEDB
The schematic diagram of the new CEDB system is shown in Fig. 1 . The system is capable of trapping droplets and following the evolution of the droplet radius under well-defined conditions of temperature and humidity. Evaporation and freezing of droplets are distinguished by following the Mie scattering phase function. The detailed experimental procedure and analysis strategy are detailed.
Droplet trapping and sizing
The details of the geometrical structure of the EDB chamber, AC and DC electrodes, and the theoretical calculation on the electrodynamic field generated have been reported previously by Heinisch et al. (2009) and Davies et al. (2012) and will be discussed only briefly here. The outer surface of the alumina CEDB chamber body has octagonal geometry with an optical port window situated on each flat surface. BK7 glass lenses (Knight Optical, 13 mm in diameter) are mounted in each window to allow passage of light into and out of the chamber. The inner surface of the CEDB chamber has cylindrical geometry with an internal volume of approximately 45.6 cm 3 .
As shown in Fig. 1 , the cylindrical electrodes are composed of two inner (cyan colour, (1)) and two outer (yellow colour, (2)) copper electrodes. The inner electrodes are 10 mm long have with inner diameter of 2 mm. The inner diameter and length of the outer electrodes are 8 and 13 mm, respectively. The outer electrodes are directly mounted on the stainless-steel base of the CEDB chamber and grounded. The inner electrodes are also mounted on CEDB bases. However, the inner electrodes are electrically insulated from the outer electrodes as well as the metal bases by using a 1 mm thick rubber insulator. After stable mounting of the four electrodes, the distances between the upper and lower electrodes are 8 mm for the inner electrodes and 4 mm for the outer electrodes.
The combined DC and AC electric field (V AC + V DC ) is generated using Labview software that is transferred through a digital-to-analogue converter and amplified using a highspeed and high-voltage amplifier module (AP-1B3, Matsusada Precision Inc.). The DC voltage applied to upper inner electrode can be varied between −200 and 0 V, the AC voltage between 0 and 1 kV, and the AC frequency between 10 and 300 Hz. The lower-inner electrode has the same AC input applied to it as the upper-inner electrode but without the DC coupling.
Droplets were delivered into the CEDB using a droplet dispenser, which is optimised for low-temperature conditions (MicroFab, 30 (MJ-ABP-01) or 100 (MJ-AB-01) µm orifice diameter). When the same dispenser parameter settings (pulse width, frequency, amplitude etc.) are used, the generated droplets are of high reproducibility with radius fluctuation smaller than 0.5 µm. Within this study the use of different parameter settings led to slight differences in initial SWD size. From the dispenser the droplets follow a trajectory past a charging electrode which is held at 900 V (generated from a Brandenburg 476R high-voltage photomultiplier power supply), thereby allowing the droplet to pick up sufficient charge for trapping. Subsequent to the charging electrode, the droplets pass into the centre of the CEDB chamber, where the droplets are trapped in the null point of the electrodynamic field.
The procedure for the size calibration of the droplet is the same as we previously used (Pope et al., 2010b) . A continuous-wave 532 nm wavelength laser (532GLM20, Changchun Dragon Lasers Co., Ltd), with a power of ∼ 20 mW, illuminates the trapped spherical droplet, thus generating Mie scattering resonances. These resonances were recorded over a 21 • window, as measured by the angle subtended from the null point to the edges of the window port, using a monochrome complementary metal oxide semiconductor camera (Thorlabs, DCC1545M) centred at ∼ 135 • relative to the forward direction of the laser. The particle size obtained by Mie scattering was calibrated using dry soda lime glass sphere standards of the following diameters: 19.3 ± 1.0, 30.1 ± 1.1, and 42.3 ± 1.0 µm (Thermo Scientific Duke Standards, 9020, 9030, 9040) . Thousands of soda lime spheres are transformed from stock vial into a syringe needle first. Then the needle containing the spheres is connected with a syringe which is full of air. Continually the spheres are injected into the CEDB chamber by squeezing the air out from the syringe in less than 1 s. Once a particle is trapped, the Mie scattering function is recorded automatically by the camera. Afterwards, the calculated result based on Eq. (1) (Glantschnig and Chen, 1981) , which is based on Mie the- Figure 2 . (a) Measurement of particle radius by elastic Mie scattering. The size calibration is achieved using calibrated soda lime spheres. Blue line represents the calculated size based on the peakto-peak spacing using Eq. (1). The experimental points (red circles) are the measured peak-to-peak separations in the recorded diffraction patterns against the quoted size. The uncertainty in the angular separation is the standard deviation (1σ ) in the measurement, and the uncertainty in size is the standard deviation in particle size stated by the manufacturer. ory (Mie, 1908) , will be compared to the experimentally determined peak-to-peak average of the recorded resonances. The position of the camera for collecting the Mie scattering signal is optimised according to the standard deviation of the theoretical and experimental values. The excellent agreement between the experimental calibration data and the theoretical calculations is shown in Fig. 2 . Labview 11 software was used for experimental control and data acquisition.
In Eq. (1), λ is the illuminating laser wavelength (532 nm). n is the refractive index of trapped droplet (the value of 1.33 will be used in this study for pure water), θ is the median angle of observed phase functions, and θ is the angular separation.
We have characterised the trapping ability of CEDB under three different flow regimes:
i. Stagnant conditions with no gas flow through the electrodes provide the most stable trapping. As no downward force from the gas flow though the CEDB is present, a particle can be trapped (by a symmetric electrical field) in a short time with a high trapping success rate. In addition it is observed that the particle can be moved up and down by the DC voltage freely under stagnant conditions. Whilst stagnant conditions produced conditions beneficial to stable trapping, trapping temperatures < −30 • C could not be achieved. Hence further experiments were not performed under stagnant conditions because temperatures as low as the homogenous freezing temperature were required for the experiments described below.
ii. When gas is flowing through both cooling lines (controlled by mass flow controller (MFC) 1 and 2 in Fig. 1a ), a relatively large cross-sectional area of ca. 50 mm 2 of near-constant gas flow velocity is generated within the CEDB. This uniform flow facilitates the stable trapping of particles over long timescales as they experience the same flow forces regardless of small radial oscillations which can occur within the CEDB due to the changing size of the particle during an experiment. Flow rates of 50 and 200 sccm for the inner flow and outer flow, respectively, provide such stable conditions.
iii. The least stable trapping conditions were found when gas was only passed through the inner electrode as this resulted in a much smaller cross-sectional area (ca. 3 mm 2 ) with uniform flow conditions. Consequently only flow rates up to 10 sccm could be used in this configuration.
Cooling strategy of CEDB
To cool the CEDB system, a 300 mm long and 50 mm inner diameter vacuum-insulated liquid nitrogen Dewar was attached to the top of the CEDB. This Dewar consists of double-walled liquid nitrogen steel reservoir with a vacuum held between the two walls. The thickness of the Dewar wall and vacuum layer are larger than 1 and 5 mm, respectively. To further reduce heat exchange between the liquid nitrogen Dewar and the ambient atmosphere, the outer surface of the liquid nitrogen cylinder is covered with flexible synthetic rubber insulation (Insul-Tube and Insul-Sheet, NMC (UK) Ltd) with a thickness of ∼ 9 mm. The top of the Dewar is sealed with a polytetrafluoroethene (PTFE) cap which is also insulated with synthetic rubber. The vacuum and insulation material significantly reduce the evaporation of liquid nitrogen. Additionally, the liquid nitrogen is refilled periodically, thereby increasing the temperature stability within the CEDB chamber (fluctuation is < 0.2 • C after equilibrium). The CEDB chamber is cooled by flowing N 2 gas through two copper heat exchange tubes (3 mm outside diameter). The pipes pass through the liquid nitrogen Dewar and direct the gas flows through the upper electrodes (see Fig. 1 ). The gas flow from the central pipe passes through the upperinner electrode and directly passes through the null-point region of the CEDB. The gas flow from the outer pipe is directed through the gap formed between the inner and outerupper electrodes and acts as an additional cooling sheath gas as described above. The gas flows are controlled using mass flow controllers (Brooks Smart MFC, Brooks Instruments) and are normally set to ∼ 80 sccm for the outer pipe (MFC 1 in Fig. 1 ) and 20 sccm for the central pipe (MFC 2 in Fig. 1 ). These flow rates are both laminar and matched in downward velocity. The Reynolds number of the two gas flows can be calculated with Eq. (2), where d is diameter of inner (0.002 m) or outer electrode (0.004 m). u is the mass flow velocity (m s −1 ). ρ is the density (1.13 kg m 3 for nitrogen gas). η is the dynamic viscosity (1.75 × 10 −5 pa s for nitrogen gas at 20 • C). The calculated Reynolds numbers at 20 • C are 27.4 and 13.7 for the 80 and 20 sccm flow rates, respectively. These low Reynolds numbers comfortably ensure laminar flow at all temperatures investigated in this study.
The temperature at the null point of the CEDB is controlled by varying the temperature of the CEDB chamber wall using variable heaters (HP05-1/10-24, Onecall). The null-point temperature and radial temperature gradient are measured using a 0.1 • C resolution thermometer (HH 308, Omega) with type K thermocouples. A temperature calibration curve for the null-point position is shown in Fig. 3a . It can be seen that the null-point temperature varies linearly with the DC voltage that is supplied to the heater. This configuration allows for easy control of the null-point temperature between −40 and 0 • C. When insulating all eight outer metal surfaces of the CEDB chamber with a 4 mm depth rubber insulator, the null-point temperature can be controlled from −30 to −42 • C with a heating range from 17 to 38 V. If only six outer metal surfaces are insulated, the null-point temperature can be regulated from 40 to −31 • C with a heating range from 24 to 43 V. Only the calibration curve ranges from 5 to −42 • C are shown in Fig. 3 . This configuration sets up a radial temperature gradient within the cell at the height of the null point. As a result of the diffusional mixing of the cold and warm gases, it will colder upstream of the null point than downstream; the null-point temperature will be at an intermediate temperature. The temperature gradients were measured by accurately positioning a thermocouple (5SC-GG-(K)-30-(36), max ±2.2 • C) in the cell, as shown in Table 1 for five temperatures at the null point from −5 to −42 • C. Although the maximal accuracy of the thermocouple is ±2.2 • C, we also calibrated with a TSP01-USB temperature and humidity sensor (±0.5 • C Thorlabs) in the temperature range −15 to 25 • C. The difference of the two kinds of sensors is smaller than 0.1 • C in the whole range. Additionally, temperature of the liquid nitrogen is observed to be −194 • C with the K type thermocouple, which is quite close to the boiling point of liquid nitrogen (Haynes, 2013) . Hence we suggest the thermocouple we used is reliable. Temperature gradients in the axial directions (above and below the null point) were < 3 • C mm −1 , and radial gradients of < 1 • C were measured throughout the temperature range. During the experiment, the trapped particles are always confined at the null point (±1 mm) by adjusting controlling AC or DC parameters with the feedback program within the Labview (as discussed in Sect. 2.1). Thus, we are confident that the trapped particle will not deviate significantly in any direction from the null point. The relative humidity (RH) at the null point can get < 0.2 % (EK-H5 kit with SHT75 humidity sensor, Sensirion) when the temperature is higher than −20 • C, and < 0.7 % when the temperature reaches ∼ −40 • C. The standard RH deviation of the SHT75 probe is ∼ ±4% at 0 % RH. Figure 3b provides an example of the time required for the temperature of both the CEDB null point and the outer glass window surface to reach steady state.
The current instrument design only allows performing experiments at low RH due to the gas flow passing through the liquid nitrogen reservoir. Higher RH conditions in the CEDB Table 1 . Temperature gradients around the null point of the CEDB could be reached by cooling the copper tubes less by insulating the copper tubes in the liquid nitrogen reservoir, by using higher-temperature coolants, or by introducing a separate humidified gas flow. The capability to adjust the RH will be integrated in the next version of our CEDB. In order to stop the formation of condensation and/or freezing on the outer surface of the glass windows, a rubber insulator ((6) in Fig. 1 ) was used between the window and metal body of the chamber. Furthermore, the outer surface of the glass window was warmed by a heating jacket ( (4) in Fig. 1 ). The jacket was designed so the outside face of the window could be exposed to the laboratory air. Such a design allows for the easy alignment of the laser into the chamber and through the CEDB null point. When the outside surface temperature of the glass windows was lower than 15 • C, a dry laminar air flow is also directed onto the surface to avoid water condensation and to maintain the transparency of the window.
In order to quantify the CEDB temperature for lowtemperature application, we observed the homogeneous ice nucleation of pure supercooled water droplets. We found the Mie scattering pattern of SWDs becomes highly irregular at −38 ± 1 • C (see example data in Fig. 2b ), which corresponds to the homogeneous ice nucleation of SWDs. This is in good agreement with established literature values .
Results and discussion
The first applications of the new CEDB system, detailed in this paper, are in the study of the evaporation kinetics of SWDs and the immersion freezing ability of PWW droplets.
Evaporation kinetics of supercooled water droplets
As the main application of the CEDB, in this paper, will be the investigation of freezing events of aqueous droplets, it is necessary to characterise the evaporation rate of SWDs, which defines the time window accessible for the freezing studies.
The mean free path of N 2 gas (λ N 2 ) at subzero temperatures and atmospheric pressure is less than 58.8 nm (Hirschfelder et al., 1954) . Considering that the measured droplet radius (r) is always greater than 2.5 µm, the Knudsen number, Kn = λ N 2 /r, is always much smaller than 1; therefore the N 2 gas flow is always in the continuum regime (Seinfeld and Pandis, 1998). Hence both the mass transfer of water molecules from the SWD surface to the surrounding N 2 atmosphere and the heat transfer is significant in influencing the kinetic evaporation rate of the trapped SWDs (Miles et al., 2012; Holyst et al., 2013) . Due to the influence of heat transfer, the surface temperature of SWDs will be lower than the surrounding gas flow, and this reduces the observed evaporation rate. It is noted that, under dry conditions such as in our setup, the colder the surrounding gas flow, the smaller the temperature difference between the droplet surface and the gas phase (Kulmala et al., 1993; Miles et al., 2012) . The gas flow rate through the CEDB chamber can influence the evaporation rate due to the effects of Stefan flow (Davies et al., 2014) ; however this effect is calculated to be negligible in the CEDB system and will not be discussed further here.
To ensure that the nitrogen gas was as dry as possible, the flow from the cylinder was passed through a 300 mm long, and 50 mm in diameter, drying tube containing silica gel particles (Breckland Scientific Supplies Ltd). Any remaining water vapour in the gas flow is caught in the cold trap formed by copper tubing heat exchangers which are held at nearly liquid nitrogen temperature (−196 • C). Considering the saturation vapour pressures of liquid water and ice at ∼ −150 • C (123 K) are 3.02 × 10 −9 and 8.50 × 10 −10 Pa, and the vapour pressure decreases as the temperature lowers (Murphy and Koop, 2005) , we assume that the evaporation of SWDs in the present study occurs under a dry environment. High-pressure liquid chromatography (HPLC) grade water (RH1020, Rathburn Chemicals Ltd) was used to generate the water droplets. Pure water droplets were only injected into the CEDB chamber once the null-point temperature had stabilised to the desired temperature.
The evaporation rates of SWDs recorded at −18.8 (±0.6), −22.7 (±0.6), −28.0 (±0.6), −32.1 (±0.6), and −34.2 (±0.6) • C, as measured by the change in radius, are shown in Fig. 4a . This figure indicates that under dry nitrogen gas flow the evaporation rate of SWDs decreases as temperature of the null point decreases, as expected, because of the decreasing water vapour pressure. The evaporation rate of SWDs can be parameterised by determining the time taken for the droplet to evaporate to half of its initial radius (t r1/2 ). As expected it is observed that the evaporation rates of SWDs increase with the initial size of the SWDs because of the greater number of water molecules transferred from liquid to gas phase. An alternative parameterisation is the ratio of t r1/2 to the initial radius of the droplet (t r1/2 /R), which is used to minimise the influence of initial SWD size as shown in Fig. 4b . This parameterisation strategy has been previously used as an empirical tool to estimate the mass transfer of water molecules in glassy aerosol droplets (Tong et al., 2011) . Although in this study we do not quantify the influence of mass and heat transfer on the evaporating rate of SWDs, , and the ratio of t r1/2 to radius (t r1/2 /R) estimated for the change of SWDs for a series of temperature measurements (red dots). The temperature error is the value stated by the manufacturer. The y error for the t r1/2 and t r1/2 /R is the standard deviation of the measurement. At least three individual experiments at each temperature were conducted.
these results show that SWD evaporation kinetics can be measured using the new CEDB design described in this paper, at temperatures as low as the homogenous freezing temperature. This study will form the basis of a forthcoming paper.
Importantly for the upcoming discussion on heterogeneous freezing, we conclusively demonstrate that water droplets with an initial radius of ∼ 15 µm can be trapped for ca. 10-60 s within a ∼ 100 sccm pure nitrogen gas in the temperature range from −5.7 to −34.5 • C, thus defining the timescale available for freezing experiments in the current CEDB setup.
Immersion freezing of PWW solution
The extraction procedure for the PWW solutions, which is illustrated in Fig. 5a , is similar to the procedure used by Augustin et al. (2013) . Briefly, water birch pollen (Betula fontinalis occidentalis), which was obtained as a dried sample from Sigma-Aldrich (P6895-1G), was suspended in water at a mass concentration of 5 g mL −1 and stirred for ∼ 1 min using a mixer (Fisher Scientific Top Mix FB 15024). After stirring, the suspension was then stored in a refrigerator for 24 h. The solution was then stirred again and filtered through sequential use of 0.45 and 0.2 µm pore filters (Supelco, 4 mm, PTFE membrane). In this aspect the procedure differed from that of Augustin et al., which used filters of size 4-7 µm. After the filtration, the PWW solution is observed to be transparent but with a bright yellow hue. Each filtered PWW solution was used within 4 days of preparation to minimise the risk of contamination. The mass fraction (f PWW ) of biological material within the PWW solution is obtained by measuring the mass of the extracted PWW solution and mass of the dried residue with a 0.1 mg accuracy balance (Fisherbrand PS-60). Dry PWW residues were obtained by evaporating the PWW solutions under nitrogen gas (Air Liquide UK Limited, > 99.999 %) and subsequent heating within an oven (Memmert, ULM 400) at a temperature < 95 • C for more than 4 h. Figure 6 provides the calibration curve for the mass fraction of biological material in solution versus initial concentration of pollen mass in the extraction solution. Furthermore, the refractive index of the PWW solution is measured using a refractometer (RFM340, Bellingham + Stanley Ltd), also shown in Fig. 6 . Figure 6 clearly indicates that the mass fraction of PWW solutions (f PWW ) increases from 0.000135 to 0.0129 as the pollen suspension concentration (W pollen ) increases from 1 to 50 mg mL −1 (pollen mass per water volume). The upper threshold, f PWW = 0.0129, in this study is similar to mass fractions used in the study of Pummer et al. (2012) . However, within the experiments described in this study, the values of f PWW will increase as the water content of the PWW droplets evaporate. The refractive index of PWW solutions (RI PWW ) increases from 1.332905 (pure water) to 1.33543 as the pollen suspension concentration increase from 0 to 50 mg mL −1 . To calculate the particle size, via Eq. (2), we used the refractive index value of pure water (n = 1.33) in all cases. For a 15 µm (in radius) PWW droplet, without considering the density evolution of it during the evaporation process, at most this simplification led to an overestimation of the initial droplet size by ∼ 0.28 %, and 0.54 % for the same droplet at time t r1/2 .
Freezing events of the PWW droplets are identified by the change in the elastic Mie scattering signal. Liquid droplets are spherical and produce regular fringe patterns, whilst frozen solid particles are non-spherical and produce irregular patters. Such a strategy for distinguishing liquid and frozen droplets has been successfully demonstrated previously (e.g. Krämer et al., 1999; Shaw et al., 2000; Vortisch et al., 2000) . Examples of different phase functions are shown in Fig. 5  panels b, c, d , and e. In particular, Fig. 5b provides images of scattered light recorded at 1.3 and 10 s after capture in the EDB trap from a PWW droplet at −21.8 • C; the reduction in fringe spacing clearly indicates that the droplet has lost some of its water content through evaporation but has not frozen. Figure 5c provides images of the scattered light recorded immediately after trapping (0.0 s) and 5.0 s after injection for a frozen PWW droplet at −24.2 • C; both phase functions are irregular, indicating that this droplet was frozen almost instantaneously within the trap. Figure 5d shows the phase functions of a trapped PWW 0.4 and 2.6 s after injection; the first phase function is regular and the second is irregular, indicating that a freezing event happened after a short period of evaporation. Figure 5e provides the phase functions, at 0 and 60 s after injection, for a PWW which freezes instantaneously at −32.2 • C. To test the freezing efficiency of PWW solution droplets, experiments were performed at 10 different temperatures. The temperature-dependent freezing fractions (f ice ) of the PWW droplets were calculated using Eq. (3):
where N f is the number of PWW droplets that freeze, and N 0 is the total number of PWW droplets. The coldest temperature the droplet encounters, as it travels radially from the dispenser to the null point, is found at the null point (see Table 1 ). It is noted that the particle could have frozen at a warmer temperature encountered earlier in its trajectory from dispenser to null point. However, this does not affect the measurement of ice fraction (f ice ) for a given temperature since the probability of freezing always increases with decreasing temperature. A total of 30-158 droplets were analysed at each temperature (as shown in Fig. 7) . At the highest and lowest temperatures fewer droplets were required for good statistics. A greater number of droplets were measured in the temperature region where the value of f ice is evolving rapidly. The numbers of PWW droplets used were 158 for −15. The ice freezing fraction of droplets initially generated from 5 and 47 mg mL −1 PWW solution is shown in Fig. 7 . It is noted that the PWW droplet surface temperature will be lowered with the heat transfer effect. As the droplet water evaporates, the concentration of the non-volatile biomaterial within the droplet will become more concentrated. However, in droplets where freezing was observed, the freezing occurred within 0.3 s after injection of the PWW droplets into the trap. In this short time window the droplets do not evaporate significantly; see Fig. 4a . In a very small number of PWW droplets (< 5 %) freezing occurred after 0.3 s, but these droplets were not considered in the data analysis shown in Figs. 7 and 8. We conclude that within the time resolution of the experiment any time dependence associated with Eq. (3) can be ignored.
A clear increasing trend for f ice was observed with decreasing temperature for both the 5 and 47 mg mL −1 PWW solution droplets, see Fig. 7 . For the 5 mg mL −1 PWW, the f ice increases rapidly from 0 to 0.85 as the temperature is lowered from −20.50 (±0.65) to −22.45 (±0.65) • C, and the frozen fraction reaches unity at temperatures ≤ −27.5 (±0.5) • C. The f ice of 47 mg mL −1 PWW droplets increase from 0 to 0.06 as the temperature is lowered from −4.50 Figure 7 . The temperature-dependent freezing fraction (f ice ,) of 5 (red point and line) and 47 mg mL −1 (blue point and line) birch PWW droplets. Data from this study (Betula fontinalis occidentalis, CEDB) is compared to the data reported in Augustin et al. (2013) for Betula pendula obtained using a cryostage microscope. The temperature error bar is calculated using both the stated probe accuracy from the manufacturer and the fluctuation of experimental temperature for each data point. The number in the figure is the droplet number for each data point.
(±0.65) to −11.20 (±0.65) • C; it then reaches unity at temperatures ≤ −16.85 (±0.55) • C. The results of Pummer et al. (2012) and Pummer et al. (2013) , which are presented in Augustin et al. (2013) , are also shown in Fig. 7 . These studies used a microscope equipped with a cryostage to investigate PWW emulsions of silver birch (Betula pendula) (Pummer et al., 2012; Augustin et al., 2013) . The CEDB data using 5 mg mL −1 water birch (Betula fontinalis occidentalis) pollen PWW samples show a similar temperature-dependent trend in f ice to the 50 mg mL −1 Betula pendula PWW droplets. Both the f ice values for these two different species increase rapidly, from an initial value of ∼ 0 to 1, in the relatively small temperature range of ∼ 5 • C. The 0.1 mg mL −1 Betula pendula PWW droplets also have a similarly shaped f ice curve to the CEDB results but show subtle differences in freezing ability, compared to both the 5 mg mL −1 Betula fontinalis occidentalis sample and 50 mg mL −1 Betula pendula sample, with f ice only reaching a value of ∼ 0.9 before the onset of homogenous nucleation at ∼ 37.5 • C.
The similarity between the freezing curves of the two different pollen species from the same genus is intriguing; it suggests that the component(s) of PWW responsible for IN activity is common to the Betula genus. It should be noted that the pollen grains of both silver birch and water birch have very similar shapes with the characteristic raised pore structure of the Betula genus, but it seems unlikely that these macro-features of the pollen structure will have significant influence on the freezing ability on the filtered birch PWW.
It has been shown that saccharides, lipids, and proteins are easily removed from pollen particles via aqueous extraction . It has been suggested that the IN ability of birch pollen PWW is not due to proteinaceous compounds but rather sugar-like macromolecules with masses between 100 and 300 kDa (Pummer et al., 2012) .
The differences between the f ice values of different species are likely due to the different concentrations of the extractable compounds. These differences can even occur across samples from the same genus and species but from different geographical regions (Augustin et al., 2013) . We speculate that the yellow colour of the water birch PWW solution might indicates that it contains a high concentration of carotenoids, which may be one of the compounds that could influence the immersion freezing of PWW. It is possible that differences between the CEDB and cryostage measurement techniques may also influence the observed differences: the CEDB measurement used monodisperse (∼ 30 µm diameter) sized PWW droplets, as opposed to the polydisperse PWW droplet size distribution (10-200 µm diameter) of the cryostage experiments by Pummer et al. (2012 Pummer et al. ( , 2013 . It is noted that for a fixed concentration of PWW the sample volume is important for the freezing of PWW droplets and consequently the reported freezing fraction. In other words, the absolute number of IN-active compounds in larger-volume samples will be higher under the same concentration. Secondly the PWW droplets in the CEDB are charged and cooled over a different timescale compared to the cryostage experiments. Finally the contact-free nature of the CEDB may influence the outcome.
In the real atmosphere bioaerosols will encounter a range of different RHs, within and out of clouds, and PWW will likely go through hydration and dehydration events. In order to investigate the effect of dehydration on the IN ability of PWW, the 5 mg mL −1 birch PWW was dehydrated within an oven set at a temperature of 80 • C. Subsequent to this drying step, it was re-dissolved using HPLC grade deionised water. The mass fraction of the PWW before and after dehydration and subsequent rehydration was kept the same at 0.14 %. The freezing fraction of re-dissolved 5 mg mL −1 birch PWW is shown in Fig. 8 (blue triangles) and compared to the original 5 mg mL −1 PWW that was not subjected to the dehydration step (red circles). The two f ice curves are found to be similar: firstly, the boundary temperature between observed ice nucleation and no ice nucleation PWW not subject to the dehydration step is at −20.5 (±0.7) • C, and for the redissolved PWW it is at −16.7 (±0.5) • C. Secondly, the f ice of both the original and re-dissolved 5 mg mL −1 birch PWW exceeds 0.8 while lowering the temperature by another 7 • C relative to the boundary temperature. The similarity in observations strongly indicates that dehydration of the sample does not significantly weaken the IN activity of PWW. Such a finding is in agreement with the conclusion by Pummer et al. (2012 and indicates that under various RH environments the PWW residues will be efficient IN. Hence PWW residue will still be able to influence local precipitation by acting as highly active IN regardless of the RH history they encountered prior to the freezing event. Pummer et al. (2012 Pummer et al. ( , 2013 analysed the IN activity of PWW after protein decomposition and suggested that the polysaccharide content of the PWW might be responsible for controlling the IN activity of PWW. For the purpose of analysing the IN activity of polysaccharides in a more direct way, we used a method similar to Galanos et al. (1969) . Water-saturated phenol (Tris-HCl saturated, pH 6.6/7.9, Amresco-Interchim, Biotechnology Grade) was used to remove proteins from PWW (Galanos et al., 1969) . Briefly the protocol is as follows: initially 5 mg mL −1 birch PWW was generated using the procedure as described above. It was then mixed with water-saturated phenol (1:1 v/v) and stirred by a mixer (Fisher Scientific Top Mix FB 15024) for 5 min. The mixture is then kept in the refrigerator overnight to allow the phenol phase to separate from the aqueous phase. The aqueous phase will now be deficient of the protein fraction which preferentially partitions to the less polar phenol phase. We henceforth refer to this aqueous phase as the "phenol extracted PWW". The mass fraction of the phenol extracted PWW is obtained by performing a dehydration and rehydration once the mass of the residue is known.
The freezing fraction of phenol extracted PWW is shown in Fig. 8 (pink triangle) and compared to the non-extracted PWW. It can be seen that the removal of the proteinaceous component leads to a less effective IN. Interestingly the f ice curve of the phenol extracted PWW can be separated into two distinct stages according to the slope. In the first stage, the value of f ice increases from 0 to 0.11 as null-point temperature lowers from −20.8 (±0.5) • C to −23.3 (±0.8) • C; afterwards a plateau appears as the temperature continually goes down to −26.7 (±0.8) • C with f ice =0.13. In the second stage, the freezing fraction jumps steeply to 0.76 at −27.7 (±0.8) • C and finally up to 1 at −27.7 (±0.8) • C when the temperature arrives at −29.6 (±0.9) • C. Such distinct stages within the f ice curve are indicative of differnet IN species within the PWW. Hence we infer that at least two kinds of IN-active compounds have been left in the water phase after dealing with phenol. These were not observed in the PWW samples because of the greater IN ability of the proteinaceous fraction.
Additionally, we also observed the IN behaviour of lower concentration (mf = 0.09 %) phenol extracted PWW and shown it in Fig. 8 (olive triangle) . The signifcant increasing of f ice started from −26.4 • C with a value of 0.13 and increased to 0.76 at −29.8 • C. As expected, this curve indicates that lower concentrations of the polysaccharide-rich material result in a lower IN activity of PWW droplet.
The experimental results presented in this study, in combination with other studies (Pummer et al., 2012; Augustin et al., 2013) , indicate that birch PWW droplets are active in the immersion mode of freezing at relatively warm temperatures. Extraction of the proteinaceous component of the PWW indicates that the proteins are likely the most IN-active component of PWW. However the non-proteinaceous component (likely polysaccharides) is still IN-active albeit at a lower temperature. However the freezing temperatures are lower than that observed for birch (Betula alba) pollen grains in the contact, immersion, and condensation modes of freezing (Diehl et al., 2001 (Diehl et al., , 2002 . The IN activity behaviour shown by the birch PWW suggests significant potential for cloud formation and precipitation especially due to the wide geographical extent of birch.
Conclusions
This paper introduces a new design of CEDB. Furthermore it reports the initial applications of this CEDB to measure the evaporation kinetics and freezing properties of SWDs. Accurate size and phase determination of the single levitated SWDs was characterised via measurement of the Mie scattering signal. The rate of evaporation of SWDs in a dry gaseous environment was determined, in the temperature range from −5 to −34.5 • C, and the current setup allows the freezing experiments to be performed within a time window of up to 1 min dependent on temperature. The phase transition of the PWW particle from liquid to frozen solid, and hence the freezing efficiency of PWW, was characterised through the loss of the regular Mie scattering signal from the levitated droplet. From this data, the statistical freezing fractions of PWW droplets were obtained in the temperature range −4.5 to −40 • C. It was found that that PWW from water birch (Betula fontinalis occidentalis) pollen, in common with other Betula species (Pummer et al., 2012; Augustin et al., 2013) , is IN-active in the immersion freezing mode at relatively warm temperatures: −22 • C and below. The evaporation and freezing results from this study illustrate the versatility of the new CEDB system for studying subzero phenomena in a contact-free technique. The CEDB instrument will be used in future experiments to study a range of freezing phenomena and their implications for atmospheric ice nucleation.
